Analytical ultracentrifugation ( thermal denaturation, and electron microscopy have been used to study nucleoprotein core particles, obtained from disrupted type 5 adenovirus and partially purified on glycerol density gradients. Electron microscopy at low salt concentrations has shown that the cores are homogeneous particles with characteristic structures, which vary with conditions of observation from a fairly loose network of fibers to a highly condensed, compact particle. Sedimentation measurements in the analytical ultracentrifuge, both by boundary and by band techniques, show that the cores are relatively homogeneous in solution and have sedimentation coefficients near 185 S at low salt concentrations, about 243 S in 1 or 2 M NaCl, and 376 S in 1 mH MgCl 2 . Correlation of sedimentation data with electron microscopic observations suggests that the 185 S particle has a loose, fibrous structure, while the faster species are more highly condensed particles. The melting temperature of the cores in 5 mM Tris/ HCl is 79°C, which is 10°C higher than the T m for purified, viral DNA. This indicates that the protein enhances the stability of DNA in the nucleoprotein complex.
INTRODUCTION
Characteristics of the adenoviruses, DNA-containing mammalian viruses which have a small number of capsid and internal proteins, have been studied in detail (1, 2, 3) . Many of the components have been obtained in pure form and their physical and antigenlc properties determined. Human adenovirus type 5 consists of a single, linear DNA duplex, with a molecular weight of 23 x 10 (1, 4) and ten or more (3, 5) polypeptides. Three of these are the major capsid proteins, hexon, pentan base and fiber, while two are internal proteins, closely associated with the DNA (2, 6, 7) . Recent work has shown that controlled, partial degradation of type 5 adenovirus and velocity gradient centrifugation may be used to obtain nucleoprotein cores which are nearly free of capsid protein. One type of core complex, partially purified on glycerol gradients, consists of the DNA and two internal proteins (6) . Electron microscopy of these cores has shown that they can be obtained as nearly homogeneous nucleoprotein particles, in which the associ-
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In this paper additional properties of the nucleoprotein core complexes from type 5 adenovirus are described. Since the cores can be obtained as nearly homogeneous particles, their sedimentation coefficients have been measured under a variety of conditions. Electron microscopic observations and sedimentation results have been correlated in an attempt to interpret the effects of changes in ionic strength and of the presence or absence of divalent cations. Thermal denaturation measurements on the core complex and on adenovirus DNA have been carried out and compared.
MATERIALS AND METHODS
Chemicals and biochemicals. Except as noted here, reagent grade chemicals from commercial supply houses were used without further purification.
Reagent grade phenol from Fisher Scientific Co. was redistilled and stored at -20"C. Prior to use it was saturated with SSC buffer (0.15 M NaCl, 0.015 M Na citrate, pH 7.0). Pronase, obtained from Sigma Chemical Co., was heattreated and stored in 1.0 M NaCl at pH 7 as described by Kates and Beeson (8) .
Virus and viral cores. Human adenovirus type 5 (strain Ad 75) was propagated and purified as described previously (6, 9). The purified virus was disrupted by heating 1 ml portions of the virus suspension in 5 mM Tris/HCl, pH 7.6, plus 0.5% (w/v) sodium deoxycholate for approximately 1 min at 56°C (6, 7). Nucleoprotein cores were separated from other viral components by centrifugation (55,000 x g; 1 hr; 4°C) in a linear, 10-40% (v/v) glycerol gradient (6, 7). Appropriate glycerol solutions were made by diluting the stock reagent with 5 mM Tris/HCl. When removal of the glycerol was necessary, fresh core preparations were dialyzed 48 hours at 4°C against at least four, large-volume changes of 5 mM Tris/HCl, pH 7.6. DMA preparation. Adenovirus DNA was prepared from cores by a modification of the procedure of Kates and Beeson (8) . Cores were dialyzed into 5 mM Tris/HCl, pH 7.5, and incubated with heat-treated pronase (1 mg/ml) for 30 min at 37°C. Sarcosyl was added to a final concentration of 0.5% (w/v) and the incubation was continued for an additional 30 min. All subsequent steps were done at 4°C. The solution was made 0.5 M in sodium perchlorate and extracted with an equal volume of chloroformxisoamyl alcohol, 24:1 (v/v).
DNA was precipitated from the aqueous phase with two volumes of absolute ethanol. The DNA was redissolved in SSC, then extracted three times with SSC-saturated phenol. The phenol was removed by dialysis of the aqueous phase for 48 hours against five large-volume changes of 5 mM Tris/HCl. Band sedimentation experiments (12, 13) were done at 12,000 rpm in 12 mm, Type II, Kel-F, 4°, single-sector centerpieces or in 12 mm, Type I, charcoal-filled Epon, double-sector centerpieces. Samples were solutions of cores in 5 mM Tris/HCl, pH 7.5-7.6, with A from 1 to 2. Sample volumes were 0.03 ml in the single-sector and 0.015 ml in the double-sector cell.
The single-sector cell chamber was filled with 0.52 ml and the double-sector"' chambers with 0.34 ml of the solvents in (15) . The observed melting temperature, T , was taken as the temperature at the midpoint of the change in absorbance at a specified wavelength.
In low ionic strength buffers without chelating agents, trace contamination by multlvalent cations can have a large effect on the T m (14, 16) . To minimize this problem, all solutions, glassware, and dialysis tubing (17) were handled with appropriate precautions. In order to detect contamination, Analytical ultracentrifugation. One observation made on core preparations with the electron microscope is that the particles are relatively uniform in appearance and apparently not aggregated (7) . In order to test whether the nucleoprotein is homogeneous in solution, boundary sedimentation experiments were run on cores in 5 mM Tris/HCl, pH 7.6. Figure 1 summarizes the boundary results, which give a straight line over a four-fold range of concentration. Average deviation from the line is ±5%, which is the approximate range of experimental uncertainty. Since the buffer was so dilute, the solvent was assumed to be equivalent to H.O in making corrections to standard conditions. The value of s_,, is 213 ± 10 S. Traces of the 20,w sedimenting boundaries, even at the lowest concentrations, were nearly symmetrical, except for a suggestion in some runs of a somewhat faster component or components. The major difficulty encountered, which made it necessary to discard about one-third of the runs, was instability of boundaries, especially at low concentrations. Apparently this was due to convection (21) , which was eliminated with the careful manual temperature control described by Studier (12). The symmetrical and stable boundary indicated that the nucleoprotein cores were as homogeneous in solution as they appeared to be in the electron microscope.
Results from the boundary experiments indicated that the core preparations were homogeneous enough, so that effects of ionic strength, pH, and divalent cations on hydrodynamic properties could be determined.
It is advantageous to use the band centrifugation technique mentioned in Methods, because of the small amount of material needed and the Densities were calculated from specific gravities and the density of water, 0.998203 g/cm 3 (25) . The results, summarized in Table I , were used to make corrections of band sedimentation coefficients to standard conditions (12) . Corrections due to deuterium exchange were neglected.
Band sedimentation coefficients of the cores were measured as described in Methods and corrected to standard conditions as noted above. Although at least half of <-h« measurements attempted gave unstable bands, probably due to <->«»rmai convection or to insufficient stabilizing gradients (26), satisfactory results were obtained in a number of solvents. The data for all acceptable runs (see Methods) are summarized in Table II, The band in this figure is somewhat broad, due to the large volume of sample used, but is relatively symmetrical, except for downfield skewing expected as a result of concentration effects (26, 27) . In general such a stable and symmetrical band indicates the sample is homogeneous. Clearly, there Solvent is the bulk mixture in which sedimentation occurs. All solvents had a measured pH between 7.2 and 7.7, except where noted.
The sedimentation value in parentheses is that for a resolvable, faster component which appeared in the experiment. showed that, at these salt concentrations, <-h» cores quickly sedimented to the bottom of the cell. Since sedimentation was so rapid at low speed and left no ultraviolet-absorbing material in the liquid column, it was concluded that the cores had precipitated, rather than being dispersed in an unstable gradient (26, 27). With 1.0 M NaCl as the sedimentation medium, a band with s 2Q ^ = 239 (Table II) formed and persisted, although repeated runs gave band patterns with considerable variation in faster components. In 2.0 M NaCl, a good band formed and then split into two or three well-resolved components, as indicated in Table II . In addition about half the sample sedimented as a broad, unsymmetrical band, ahead of the slowest components. (Table II) .
Preliminary tests of the effects of pH and divalent cations were made in band sedimentation experiments. In 50% D 2 <3 at an approximate pH 5, precipitation occurred immediately. Experimental observations of this effect were similar to those described above for 0.2 and 0.5 M NaCl. At pH 9, the sedimentation coefficient (s_ 0 = 176) was quite similar to that obtained in the same medium at pH 7.6. There was no gross change in sedimentation properties of the cores. In 1 mM EDTA (ethylenediaminetetraacetic acid, disodium salt), also, there was no marked change in s 20, w (Table II) . The largest change occurred when 1 mM MgCl-was added to the sedimentation medium. In this case a higher s_ A of 376 was obtained for the aajor component (Table II) . A second, faster component consisting of less than 25% of the sample was also observed. The high sedimentation coefficient of 376 S may indicate that the sedimenting particles in 1 mM
MgCl have a tightened core structure. Further comments are in the Discussion.
Thermal denaturation. The melting behavior of viral cores, monitored at 260 nm, is illustrated in Figure 3 . One major transition with a T^ of 79.0 ± 0.5°C was observed. The breadth of this transition, defined as the temperature interval between 25% and 75% of the absorbance change, was 6.2 ± 0.8°C. In addition, a variable absorbance change amounting to less than 10% of the total hyperchromicity was often detected at 60-65°C.
Measurements on the cores were complicated by variable contributions from light scattering, which was monitored at wavelengths from 320 to 400 nm. Although experimental uncertainty was high, absorption changes with temperature in this part of the spectrum appeared to parallel the transitions observed at 260 nm.
Initial experiments with viral DNA gave variable results with T m values equal to or above those for the cores. When precautions against contamination during dialysis of samples were taken as described in Methods, the melting profile shown in Figure 3 was obtained. The T m for DNA was 69.5 ± 1.5°C and the breadth of the transition (25-75%, as described above) was 9.1 ± 0.2"C, which is significantly larger than the value for cores. Absorbances between 320 and 400 nm for DNA samples were low and showed little or no temperature dependence. Therefore, light scattering effects for these preparations were considered to be negligible. (Table II) , in which s 2Q varies between 176-201. Much of the variation in the band results may be due to band instability from thermal convection or from unstable gradients (27) . The fact that the band results are lower than s mav be due to the relatively high concentrations of cores and thick lamellae which had to be used with available equipment. The tendency for s to decrease with increasing concentration is illustrated in Figure 1 . Furthermore, some of the discrepancies can be accounted for by the approximations used in malting corrections to standard conditions (see with that of a heavier and more compact particle than the DNA, yet lighter and more loose than the intact virus. This is consistent with the structure of cores (7) and whole virions (3, 29) observed in the electron microscope.
Observations from the sedimentation studies showed that core particles were soluble and homogeneous at low ionic strengths, precipitated at intermediate salt concentrations (0.2 and 0.5 M), and were soluble again at salt concentrations above 1.0 M (Table II) . Qualitatively, this behavior was consistent with that reported for nucleohistone (21, 30, 31) . It was also observed (Table II ) that in 1.0 and 2.0 M NaCl the core samples sedimented at a faster rate than in low salt. This increased sedimentation coefficient of thecores in high salt is opposite to the effects observed by Lewis e_t al_. (21) for nucleohistone.
The effects of 1 mM Mg and of EDTA on the sedimentation behavior of the cores have been described in Results. In the electron microscope it was observed that addition of 1 mM MgCl 2 to cores (prepared for microscopy by adsorption) had little or no effect on the "normal" core structure consisting of arms radiating from condensed centers ( Figures 5 and 7, ref. 7) . In the presence of 1 mM EDTA, cores prepared by the same technique had a more loose, fibrous structure (similar to Figures 6 and 8, ref. 7 ). This behavior appears to be consistent with the band sedimentation data in Table II, (Table II) . Although a second, faster component, which might have been a dimer, was observed, there was no evidence of further aggregation or precipitation. On the basis of these considerations it appears that .the cores with sedimentation coefficients between 176 and 201 S (Table II) Interpretation of the results in 1.0 and 2.0 M NaCl is more difficult.
The 243 S specie (Table II ) may be a monomeric particle with a structure intermediate to those in 5 mM Tris/HCl and in 1 mM MgC^. In this case the 372 S component may be a dimer. However, an alternative hypothesis is that the 372 S component in high salt is similar to the 376 S specie in 1 mM
MgCl 2 f and that the slower particle (243 S) has a more relaxed structure resulting from removal of core protein by NaCl (32) . These and other possibilities are currently under investigation.
After elimination of the problems with cation contamination, as described in Methods and in Results, it was found that the T of viral DNA was m 69.5 ± 1.5°C. This result was somewhat higher than the value of 67°C, estimated for the base composition of the DNA (18, 19) and the solvent used. The relatively high uncertainty in the T m for adenovirus DNA could be due to residual protein in the samples. Much of the difference between the calculated
and experimental values could also be due to residual protein or to errors associated with the extrapolation (18) used for estimating the T m . Clearly, however, the proteins in the cores raised the T m of viral DNA by at least 10°C. This indicated that the associated proteins had a stabilizing effect on the secondary structure of the viral DNA, in addition to the effects on tertiary structure observed in electron microscopic (7) and sedimentation studies. The denaturation results showed further that the cores melted with a sharper transition, and therefore more cooperatively, than did the viral DNA. This is similar to effects observed for synthetic polypeptide-DNA 115) and protamine-DNA (16) complexes. Unfortunately, variability in the contributions of light scattering to the spectra of different core preparations made it impossible to obtain more specific information about the DNA-protein complex from dispersion measurements of hyperchromicity (14, 15, 33) . A more detailed study of the effects of divalent cations on the cores may help minimize the scattering problems and determine whether or not EDTA and Mg 2+ have effects on thermal denaturation, which relate to those observed by electron microscopy (7) and ultracentrifugation.
The results presented in this paper, along with earlier reports in the literature, make it possible to draw several conclusions about the structure and properties of the core particles from adenovirus. The data are consistent with other observations (6, 9, 34, 35) which show that the cores are complexes of DNA and identifiable viral proteins. The sedimentation re-suits confirm the conclusion from earlier studies (7, 34) , that the core polypeptides markedly condense the viral DNA. Thermal denaturation results show further that the internal polypeptides stabilize the secondary structure of DNA. Separate effects of the two core polypeptides on structure, on stability of the DNA, and on biological functions of the virus remain to be defined.
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